SYNOPSIS Tryptophan was measured in the lumbar CSF and serum of patients undergoing neurological investigation (controls) and in patients with hepatic cirrhosis. Samples were taken from the fasting patients at 8.00 a.m. Under these conditions, in the controls the mean CSF, free (nonalbumin-bound) and total serum tryptophan were in the approximate ratio 1:4:24. In this crosssectional study, for the controls, CSF tryptophan was correlated significantly and positively with the total serum but not with the free serum tryptophan. In patients with advanced hepatic cirrhosis the mean CSF tryptophan concentration was greatly elevated. However, the mean total serum tryptophan was unchanged and the free serum tryptophan only slightly elevated. Administration of probenecid, which displaces tryptophan from binding sites on serum albumin, and thereby increases the proportion of serum tryptophan in the free form, did not affect CSF tryptophan.
Work on experimental animals has elucidated some of the factors that control 5-hydroxytryptamine (5-HT) metabolism in the central nervous system (CNS). The rate-limiting enzyme in 5-HT formation is thought to be tryptophan hydroxylase, an enzyme which is not saturated at normal brain tryptophan concentrations (Friedman et al., 1972) , suggesting that the brain tryptophan concentration may play a role in controlling 5-HT synthesis. As would be expected in such circumstances, rat brain 5-HT can be increased by administration of even quite small tryptophan loads (Fernstrom and Wurtman, 1971) . However, the exact relationship between plasma tryptophan and brain tryptophan, and hence presumably brain 5-HT, has recently been in dispute. Most of the tryptophan in plasma is bound to albumin (McMenamy and Oncley, 1958) and it has been suggested that it is the unbound or free plasma tryptophan which controls 1 Address for reprints: Dr S. N. Young September 1974.) brain tryptophan (Tagliamonte et al., 1971) . Others have suggested that it is the ratio of total plasma tryptophan to the plasma neutral amino acids, leucine, isoleucine, valine, tyrosine, and phenylalanine which controls brain tryptophan (Fernstrom et al., 1973) . These neutral amino acids inhibit the transport of tryptophan into brain (Kiely and Sourkes, 1972) .
For man, much less is known. A load of tryptophan increases the concentration of the 5-HT metabolite, 5-hydroxyindoleacetic acid (5-HIAA) in the cerebrospinal fluid (CSF); the CSF tryptophan and 5-HIAA are significantly and positively correlated (Ashcroft et al., 1973b) .
As CSF 5-HIAA is an index of CNS 5-HT metabolism (Moir et al., 1970) , this indicates that the tryptophan load is increasing turnover of CNS 5-HT. Although pharmacological doses of tryptophan can affect CNS 5-HT metabolism in this way, it is not known how normal variations in free and total serum tryptophan affect CNS tryptophan and how CNS tryptophan, in attempt to throw light on these problems we measured tryptophan in serum (free and total), and tryptophan and 5-HIAA in the CSF of patients undergoing investigation. The CSF tryptophan concentration may reflect its concentration in the CNS.
Most of the patients were undergoing neurological investigation. The rest had advanced cirrhosis of the liver, and some of these were in hepatic coma. We investigated the patients with hepatic cirrhosis because work on experimental animals with portocaval shunts has indicated abnormalities in CNS 5-HT metabolism, which may contribute to some of the mental abnormalities associated with hepatic failure (Baldessarini and Fischer, 1973; Curzon et al., 1973) . There have been reports that, in the CSF of patients with liver damage, tryptophan is elevated (Muting, 1962; Young et al., 1974) . In cases of hepatic coma 5-HIAA is also elevated (Knell et al., 1972; Lal et al., 1974) .
For some of the patients, samples were taken before and after the administration ofprobenecid. Probenecid blocks the transport of acidic amine metabolites, like 5-HIAA, out of CSF. It has been suggested that the increase in the amine metabolite concentration in CSF after probenecid administration is a better index of the turnover of the parent amine in the CNS than their baseline concentrations. However, probenecid also has the effect of displacing tryptophan from binding sites on serum albumin (Lewander and Sjostrom, 1973) , and so affecting the ratio of free to total serum tryptophan. Thus, probenecid might be a useful tool for investigating how changes in free and total tryptophan affect CSF (and perhaps brain) tryptophan.
METHODS
All subjects were patients admitted to a general hospital for neuropsychiatric or gastroenterological investigation and treatment. The patients undergoing neuropsychiatric investigation are referred to as controls. Of the patients with advanced cirrhosis, cases [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (Table 4 ) had significant portosystemic shunting through collateral vessels and a history of hepatic coma. Case 9 had oesophageal varices on gastroscopy but no history of coma. Case 10 had advanced cirrhosis but was without evidence of portosystemic shunting of blood and without history of coma. All patients had been maintained on a normal hospital diet for at least three days before lumbar puncture, except for some of the patients with hepatic cirrhosis who were on a protein restricted diet. These were case 11 (in Table 4 5-HIAA was measured fluorometrically. A suitable volume of CSF (2-5 ml) was deproteinized with 1 ml 100% ZnSO4 and 1 ml 0.5 N NaOH. The supernatant was loaded on a 3 x 0.5 cm column of Bio-Rex 5 that had been equilibrated with 10 mM Tris pH 8.0. The 5-HIAA was eluted with 2.0 ml 2.5 N HCI containing 0.01%o ascorbic acid. The fluorescence of this solution was determined as described by Papeschi and McClure (1971) .
Tryptophan was determined by the method of Denckla and Dewey (1967) . Free serum tryptophan was taken as the tryptophan concentration in an ultrafiltrate of serum. Serum was equilibrated with 5 ' CO2 and the ultrafiltration was performed at 370 using an Amicon propellant-pressurized ultrafiltration cell with UM 10 membranes (nominal molecular the mean concentration of 5-HIAA and tryptophan found in the controls. Correlations were sought between the variables that were measured, and these have been set out in Table 2 . It is clear that 5-HIAA in the CSF is not correlated significantly with any of the forms of tryptophan that were studied (Table 2 , section 1). The mean concentrations of CSF tryptophan, free serum tryptophan, and total serum trypto- group.bmj.com on July 7, 2017 -Published by http://jnnp.bmj.com/ Downloaded from phan in control subjects are in the approximate ratio 1:4:24. However, relative concentrations of CSF tryptophan and free serum tryptophan vary widely. For example, in three patients with low free serum tryptophan (460, 700, and 980 ng/ml), the values in each case were lower than for CSF tryptophan (660, 730, and 1 010 ng/ml, respectively).
Perhaps because of this large variation it was not possible to demonstrate a significant correlation between free serum tryptophan and CSF tryptophan concentrations. However, total serum in the free form and in the concentration of serum albumin. However, there is no significant correlation between these two parameters for the whole group with hepatic cirrhosis (Table 2 , section 5). CSF 5-HIAA concentrations in hepatic cirrhosis have been reported on in detail elsewhere (Lal et al., 1974) .
TRYPTOPHAN AFTER PROBENECID Table 4 shows the changes produced by administering probenecid to eight controls and nine patients with hepatic cirrhosis. In both groups there is a significant decrease in total serum tryptophan and a significant increase in the percentage of serum tryptophan in the free form, but no mean change in the concentration of tryptophan in the CSF. In addition, probenecid causes a significant increase in the free serum tryptophan concentration in those with cirrhosis of the liver. DISCUSSION Table 2 , section 1, indicate that CSF 5-HIAA is not correlated significantly with the tryptophan concentration in either CSF or serum. If the brain tryptophan concentration does control brain 5-HT turnover in physiological circumstances in man, it might be expected that the brain tryptophan concentration would be related to CSF 5-HIAA, which is an index of CNS 5-HT metabolism (Moir et al., 1970) . It has been suggested that the CSF is a sink for brain amino acids (Wurtman and Fernstrom, 1972) . Thus, CSF tryptophan may reflect CNS tryptophan concentrations. Therefore, a correlation might be expected between the CSF tryptophan and the CSF 5-HIAA concentrations. However, no such correlation exists. Furthermore, there is no correlation between CSF 5-HIAA and either the free or total serum tryptophan concentrations, both of which have been proposed as factors that control brain tryptophan. The lack of any relationship between these parameters may indicate that, within normal fluctuations, the concentration of brain tryptophan is not a major determining factor in brain 5-HT metabolism. Alternatively, it may be that CSF 5-HIAA concentration is not a sensitive enough index of CNS 5-HT turnover to reflect physiological variations in 5-HT synthesis. Table 2 , section 2 shows the correlations between CSF tryptophan and both the free and total serum tryptophan concentrations. Our finding that CSF tryptophan is significantly correlated with total serum tryptophan (Fig. 1) but not with free serum tryptophan seemingly answers one of the questions this study was designed to answer. However, a significant correlation does not necessarily imply a causative relationship-that is, that total serum tryptophan is a factor controlling CSF tryptophan and that the concentration of the free serum tryptophan is unimportant. The correlation, in this type of cross-sectional study, may merely reflect the fact that some individuals have high, and some low, concentrations of this amino acid in their extracellular fluids, including plasma and CSF. Even in such a situation it could be fluctuations in free serum tryptophan that control variations in CSF tryptophan, and longitudinal studies in given individuals, where intrinsic variations in tryptophan concentrations may be less than between individuals, are therefore, desirable. In fact, a recent study (Perez-Cruet et al., 1974) provides some information along these lines. CSF and blood samples were taken before and after a meal. In the postprandial samples free serum tryptophan and CSF tryptophan concentrations were both lower than in the initial sample, while total serum tryptophan increased. Table 2 , section 3 shows that the free serum tryptophan concentration correlates more closely with the percentage of serum tryptophan in the free form than with the total serum tryptophan. The percentage in the free form will depend on the extent to which tryptophan is displaced from its binding sites on serum albumin. The displacement is thought to be due mainly to non-esterified free fatty acids in the serum (McMenamy, 1963) . Thus, our results suggest that displacement of tryptophan from albumin binding sites could be a more important factor in controlling the free serum tryptophan concentration than the total amount of tryptophan present in the serum.
INTERRELATIONSHIPS IN CONTROLS Results in
The relationships between the age of the patients and CSF 5-HIAA and tryptophan are shown in Table 2 , section 3. We find a significant increase in CSF 5-HIAA with increasing age (Fig. 2) . The increase, like that found by Gottfries et al. (1971) , was linear. However, it is possible that we did not observe the U-shaped curve obtained by Bowers and Gerbode (1968) because only four of the patients were less than 30 years old. The correlation of CSF tryptophan and age is on the borderline of significance when only the males in the group are considered (Fig.  3) . No such relationship has yet been reported, although Ashcroft et al. (1973a) found a significant correlation of CSF tryptophan and age, after a tryptophan load. Further work will be necessary to confirm such a relationship with baseline concentrations of tryptophan.
TRYPTOPHAN IN HEPATIC CIRRHOSIS The concentration of tryptophan found in the CSF of patients with hepatic cirrhosis is too high to be accounted for by the greater age of the cirrhotic group, compared with controls (Table 1) . There have been reports of elevated brain tryptophan in animals with experimental models of liver failure. Thus, in dogs, during acute hepatic coma, the concentrations of most brain amino acids rise; the levels of the aromatic amino acids histidine, phenylalanine, tyrosine, and tryptophan increase to the greatest extent (Mattson et al., 1970) . In pigs in acute hepatic failure there was an increase in brain tryptophan concentration and a raised turnover rate of 5-HT (Curzon et al., 1973) . In this acute experiment the rise in brain tryptophan was associated with an increase in free serum tryptophan.
The same may be true in patients with fulminant hepatic failure where free serum tryptophan is elevated eight-fold (Knell et al., 1974) . In the chronic cases we have studied this is not true, as the increase in the mean free serum concentration (50%/) is negligible compared with the increase in CSF tryptophan (308%). The cause of the elevated CSF tryptophan in our chronic cases of hepatic cirrhosis is unknown.
A role for tryptophan has been suggested in hepatic coma. Thus, tryptophan loads produced marked neurological symptoms in dogs with an Eck fistula, whereas glycine, glutamic acid, leucine, methionine, and phenylalanine did not (Ogihara et al., 1966) . Also in rats with diversion of the portal blood flow, brain tryptophan and 5-HT were elevated (Baldessarini and Fischer, 1973) . L-Dopa, which has an arousal effect on some patients (Parkes et al., 1970) , caused 5-HT to decline in these rats. This led to the suggestion (Baldessarini and Fischer, 1973) that the elevated brain tryptophan causes an increase, in 5-HT which then acts as 'false neurotransmitter' in non-serotonergic neurones, thus contributing to some of the abnormalities associated with clinical hepatic failure. However, our results are not consistent with this hypothesis. When comparing patients in and out of coma we find no significant difference in CSF tryptophan concentrations (Tables 3 and 4 ) and, as reported elsewhere (Lal et al., 1974) , we find no difference in CNS 5-HT turnover as assessed by the changes in concentration of 5-HIAA in the CSF caused by probenecid ingestion. Thus, although CSF tryptophan concentrations in patients with hepatic cirrhosis are very high, there is no increase in the rate of turnover of 5-HT in the CNS (Lal et al., 1974) .
Our results disagree with certain previously published reports. Thus, Muting (1962) found a significant elevation of CSF tryptophan in a group in hepatic coma, compared with those with liver disease, but without coma. However, these results were obtained with an amino acid analyser and the mean value for normal adults was four times that obtained for our controls.
Thus, the amino acid analyser probably does not give as reliable results for tryptophan in CSF as the specific method of Denckla and Dewey (1967) . Hirayama (1971) noted elevated total serum tryptophan in patients with hepatic encephalopathy and coma, but we again have found no significant differences in total serum tryptophan when comparing those in and out of coma (Table 3) , although there may be a tendency for total serum tryptophan to decline in hepatic coma.
The percentage of serum tryptophan in the free form is significantly higher in those with cirrhosis than in controls (Table 1 ). The difference is due entirely to those in coma, as the group out of coma have approximately the same percentage as controls (Table 3 ). Comparing those in and out of coma, we also find that the former have a lower serum albumin. Thus, there will be a smaller number of binding sites for tryptophan in the serum, and the percentage in the free form will be greater. However, the correlation between the percentage of serum tryptophan in the free form and serum albumin, although inverse, does not attain statistical significance for the 10 cases of hepatic cirrhosis in this study (Table 2 , section 5).
Part of the increase in the percentage of free serum tryptophan may be due to an elevation in free fatty acids. Free fatty acids are elevated in the plasma in a variety of liver disorders (Mortiaux and Dawson, 1961 ) and short chain fatty acids, which are particularly elevated in hepatic coma, have been implicated as one possible cause of coma (Zieve, 1966) .
TRYPTOPHAN AFTER PROBENECID Table 4 shows the effects on CSF and serum tryptophan concentrations of administering probenecid over three days. The procedure used (see section on Methods) is designed to maintain a fairly constant concentration of probenecid over the three days. Thus, these data would show if prolonged alterations in serum tryptophan concentrations affect CSF tryptophan.
We found that probenecid, which displaced tryptophan from binding sites on serum albumin, caused an increase in the percentage of tryptophan in the free form. Lewander and Sjostrom (1973) observed that this increase occurs without a significant change in the total serum tryptophan. On the other hand, both we and van Praag et al. (1973) found a significant decrease in the total serum tryptophan. Changes in the free portion were very variable. The reasons for these discrepancies are unknown. In our present study there was no consistent or significant change in CSF tryptophan on probenecid administration. Nor, in individual cases, was there any relationship between the changes in CSF tryptophan, total serum tryptophan, or free serum tryptophan. Thus, our data on probenecid administration do not provide support for the view that either free or total serum tryptophan is the main factor controlling CSF tryptophan over a period of days. Nor can we say that our data provide support for the suggestion (Lewander and Sjostrom, 1973) that probenecid increases the rate of brain 5-HT synthesis by increasing the availability of its precursor. 
